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Strategies to Reduce the On-Target Platelet Toxicity of
Bcl-x, Inhibitors: PROTACs, SNIPERs and Prodrug-Based

Approaches

Arvind Negi*® and Anne Sophie Voisin-Chiret*"’

Apoptosis is a highly regulated cellular process. Aberration in
apoptosis is a common characteristic of various disorders.
Therefore, proteins involved in apoptosis are prime targets in
multiple therapies. Bcl-x, is an antiapoptotic protein. Compared
to other antiapoptotic proteins, the expression of Bcl-x, is
common in solid tumors and, to an extent, in some leukemias
and lymphomas. The overexpression of Bcl-x, is also linked to
survival and chemoresistance in cancer and senescent cells.
Therefore, Bcl-x, is a promising anticancer and senolytic target.
Various nanomolar range Bcl-x, inhibitors have been developed.
ABT-263 was successfully identified as a Bcl-x/Bcl-2 dual
inhibitor. But it failed in the clinical trial (phase-Il) because of its
on-target platelet toxicity, which also implies an essential role
of Bcl-x, protein in the survival of human platelets. Classical Bcl-
X, inhibitor designs utilize occupancy-driven pharmacology
with typical shortcomings (such as dose-dependent off-target
and on-target platelet toxicities). Hence, event-driven pharma-
cology-based approaches, such as proteolysis targeting chime-
ras (PROTACs) and SNIPERs (specific non-genetic /AP-based

1. Introduction

Apoptosis is a highly regulated mitochondrial process. It plays a
critical role in remodeling, aging, tumorigenesis, and other
cellular processes. Any alteration in the apoptosis leads to
various cellular states, such as malignancy, neurodegeneration,
and accumulation of senescent cells in age-related diseases.
The protein-protein interactions (PPIs) of Bcl-2 family members
regulate cellular apoptosis by altering the mitochondrial outer
membrane permeabilization (MOMP). Based on the physiolog-
ical role of members of the Bcl-2 protein family, there are two
classes: Antiapoptotic proteins (Bcl-x,, Mcl-1, Bcl-W, and Bfl-1/A1),
which inhibit MOMP formation; Apoptosis-inducing proteins,
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protein erasers) have been developed. The development of Bcl-
x, based PROTACs was expected, as 600 E3-ligases are available
in_ humans, while some (such as cereblon (CRBN), von Hippel-
Lindau (VHL)) are relatively less expressed in platelets. There-
fore, E3 ligase ligand-based Bcl-x, PROTACs (CRBN: XZ424,
XZ739; VHL: DT2216, PZ703b, 753b) showed a significant
improvement in platelet therapeutic index than their parent
molecules (ABT-263: DT2216, PZ703b, 753b, XZ739, PZ15227;
A1155463: XZ424). Other than their distinctive pharmacology,
PROTACs are molecularly large, which limits their cell perme-
ability and plays a role in improving their cell selectivity. We
also discuss prodrug-based approaches, such as antibody-drug
conjugates (ABBV-155), phosphate prodrugs (APG-1252), den-
drimer conjugate (AZD0466), and glycosylated conjugates
(Nav-Gal). Studies of in-vitro, in-vivo, structure-activity relation-
ships, biophysical characterization, and status of preclinical/
clinical inhibitors derived from these strategies are also
discussed in the review.

which divide into two subtypes based on their structural
differences: one-subtype called as, “BH3-only proteins” (Bik,
Bim, Bid, Bad, Bmf, Hrk, Noxa, and Puma), while second-subtype
comprise protein members (such as Bax and Bak proteins)
oligomerize to form a pore in the mitochondrial membrane (as
shown in Figure 1).

Therefore, any dysregulation in the apoptosis pathway
severely affects the survivability and longevity of the cell. The
antiapoptotic proteins (Bcl-2, Mcl-1, and Bcl-x,) are the major
disrupters of cellular apoptosis signaling. Various studies
reported a higher expression of Bcl-x_ in solid tumors, a subset
of leukemia, and lymphomas than other antiapoptotic
members.”! Also, some studies found a strong correlation
between the overexpression of Bcl-x, protein with acquiring
resistance to other anticancer drugs.” Therefore, Bcl-x, is one of
the most promising cancer targets. As expected, the higher
expression of Bcl-x, in solid tumors led to a clinical investigation
of a dual Bcl-x./Bcl-2 inhibitor (ABT-263, also called navitoclax),
which exhibited frequent dose-dependent thrombocytopenia.
The occurrence of ABT-263 induced thrombocytopenia in
clinical trials implied that the expression of Bcl-x, is crucial for
the survival of the platelets. Therefore, to reverse the sensitivity
of Bcl-x, dependent-resistant cancer cells or to attain cell-
selectivity towards Bcl-x, over-expressed senescent/cancer cells
requires a Bcl-x, inhibitor devoid of platelet toxicity.

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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2. Clinical Issues of Bcl-x, Inhibitors

Various synthetic and naturally derived Bcl-x, inhibitors were
identified (as shown in Figures 2 and 3). ABT-737 was the first
potent dual inhibitor (Bcl-x/Bcl-2) derived from the NMR-
guided fragment-based drug design,”® which later optimized
to an orally active analog (ABT-263).” During phase-1 dose-
escalation study in lymphoid malignancies (clinical trial number.
NCT00406809), ABT-263 showed a high therapeutic index along
with off-target toxicities, including low-grade gastrointestinal
disorders. However, it also showed a pharmacodynamic effect
on circulating lymphocytes and platelets. Currently, an evalua-
tion of the safety profile of ABT-263 for small cell lung cancer
(SCLQ) is in Phase Il clinical trials. Other well-studied inhibitors,
such as gossypol and obatoclax, were also found with no
approved clinical indications and only used as research tools.
The clinical studies of gossypol showed a dose-dependent
gastrointestinal disorder, while the phase-1 study of mesylate
salt of obatoclax exhibited the dose-limiting neurological
symptoms with occasional episodes of grade-3/4 neutropenia
and thrombocytopenia."” Also, similar dose-dependent toxic-
ities were observed with other inhibitors: (BM-1197,"" ABT-
737,” and A-1155463."? However, ABT-199 (a selective Bcl-2
inhibitor also named venetoclax, RG7601, GDC-0199) is
clinically approved for blood cancers (chronic lymphocytic
leukemia CLL, small lymphocytic lymphoma SLL, and acute
myeloid leukemia AML), but not for solid tumors. To understand
such pharmacology differences of ABT-199, further studies
conducted on solid tumors revealed their survival not only
depends on Bcl-2 protein signaling but also on Bcl-x, protein
signaling. The reported synthetic inhibitors (Figure 2) and
naturally derived inhibitors (Figure 3) for Bcl-x, protein, found
with off-target activities and multiple protein binding affinities
(Bcl-2/Mcl-1/Bcl-x,) affinities, showing an intrinsic flaw in their
designs.

As initial development of Bcl-x, inhibitors based on
occupancy-driven pharmacology (that means they block the
PPIs of Bcl-x, with apoptosis-inducing proteins) (as shown in
Figure 4A), therefore plagued with typical limitations of such
approach: (a) frequent occurrence of acquired resistance, (b) a
continuous administration of higher dosage is required to
maintain the therapeutic level, and (c) requirement of nano-
molar-to-picomolar range inhibitors to achieve a full target
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inhibition. Therefore, inhibitors based on such pharmacology
lack cell-specificity and features to differentiate among proteins
that exhibit high structural homology in their three-dimensional
structure.”® Therefore, on-target platelet toxicity of Bcl-x,
inhibitor is unlikely to be resolved with classical small molecular
inhibitors (SMls). Hence, event-driven pharmacology inhibitor
designs (as shown in Figure 4B) have gained interest in recent
years. In comparison, the event-driven pharmacology inhibitors
degrade the target protein rather than blocking its interaction
with a partner protein. Therefore, frequent dosing for continu-
ous targeting is less required, and such inhibitors are relatively
less prone to the emergence of resistance. Contrary to the
occupancy-driven pharmacology approaches, which require
subnanomolar potency of inhibitors, event-driven pharmacol-
ogy approaches don't require molecules of subnanomolar
affinities and, therefore, have a lesser tendency to produce
dose-dependent on-target toxicity (as shown in Figure 4C and
Figure 4D).

3. Strategies to Address the On-Target Bcl-x,
Platelet Toxicity

Various strategies have been implemented to reduce the on-
target platelet toxicity of Bcl-x, inhibitors. Most of the
developed inhibitors belonged to the event-driven pharmacol-
ogy-based approaches (PROTAC and SNIPER-based design),
with some examples of prodrug approaches (phosphate-
prodrugs, dendrimers, and glycosylation).”” Unlike the differ-
ences in the strategies, the pharmacodynamic objective remains
the same: to reduce the platelet toxicity of Bcl-x, inhibitors by
incorporating newer elements that can take advantage of those
enzymes or proteins specifically expressed in cancer and
senescent cells than platelets.

3.1. Synergistic combination of inhibitors

As expected, the initial efforts were attempted with the
conventional approaches, where potent Bcl-x, inhibitors were
used in combination with other clinical agents. The synergistic
effect of such combinations allowed to reduce the dose of Bcl-
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Figure 1. Apoptosis-inducing proteins catalyze the MOMP process to release the cytochrome-c. The cytochrome-c forms an apoptosome complex with
adaptor Apaf-1 and caspase-9 in the cytosol, and ultimately activates the caspase-9 to initiate caspase-cascade cellular apoptosis. The antiapoptotic proteins
(Bcl-2, Mcl-1, and Bcl-x,) inhibit the cytochrome-c release, whereas Bax, Bak, Bid and other apoptosis-inducing proteins, promote the release of cytochrome-c
from mitochondria. The inhibitors of Bcl-2/Mcl-1/Bcl-x_ prevent PPIs of Bcl-2/Mcl-1/Bcl-x, with apoptosis-inducing proteins (BH3 helix of Bid, Bim, Bad, Puma,
Bmf, and Noxa), which increase the cellular level of BAX/BAK, their availability for oligomerization, which eventually leads to the release of cytochrome-c.'?
The Insulin-like growth factor receptor and insulin receptor tyrosine kinase initiate the phosphorylation which activates the intracellular accessary signaling
cascade via the PI3 K-AKT pathway,” resulting in activating the BAD into its phosphorylated form, which then modifies the mitochondrial functions in

senescent cells."

x_ inhibitors in those combinations, and their dose-dependent
platelet toxicity to an extent. The most notable examples are
the combination of ABT-263 and JQ-1 (bromodomain inhibitor)
that exhibited a synergistic role against MYCN-amplified
SCLC,”™ and the combination of ABT-263 with docetaxel.
However, the availability of clinical agents that can be used in
combination with Bcl-x_ inhibitors is one of the major
limitations, and therefore other strategies were developed, such
as (a) Bcl-x, targeted PROTACs, (b) Bcl-x -targeted SNIPERS, (c)
Prodrugs-based Bcl-x, inhibitors.

3.2. Bcl-x, targeted PROTACs in cancer

The PROTACs (PROteolysis TArgeting Chimeras) are heterobi-
functional medium-sized molecules that promote selective and
rapid proteosome-mediated degradation of intracellular pro-
teins via recruiting the E3 ligase complexes to the non-native
protein substrates. Chemically, these comprise two distinct
pharmacophores (also called “warheads”), which are tethered
together by a linker (as shown in Figure 5). The generalized
structure for Bcl-x,-PROTAC contains a Bcl-x, pharmacophore at
one terminal that helps it to bind to Bcl-x, protein while the
other pharmacophore on the other side of PROTAC binds to E3
ligase. The subsequent binding of PROTAC to Bcl-x, and E3-
ligase brings E3 ligase in proximity to the Bcl-x_ protein, which
promotes the transfer of ubiquitin (Ub) units to the exposed
lysine amino acids that are present on the surface of Bcl-x,
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protein. As shown in Figure 5, the presentation of Ub units on
the surface of Bcl-xL leads to its hydrolysis. Unlike conventional
SMils, the PROTAC molecule can be recovered from each protein
hydrolysis and can repetitively take part in successive protein
hydrolysis. Therefore, Bcl-x, PROTACs require hooking them-
selves with the Bcl-x, protein with moderate affinity, which is
contrary to classical Bcl-x, SMls as they require high affinity and,
often suffer from dose-dependent toxicities and a lower
therapeutic index. The success of a PROTAC molecule is based
on its ability to form a ternary complex (in this case, Bcl-x;:
PROTAC: E3-Ligase). The formation of a ternary complex from a
binary complex is an example of cooperative binding. It means
that the first binding of either pharmacophore to its protein (in
this case, Bcl-x, pharmacophore to Bcl-x, protein and E3 ligase
ligand to E3-ligase) influences the binding of another pharma-
cophore for its protein, which could lead to the formation of
binary complexes rather than ternary complexes (a biophysical
limitation, also termed as Hook's effect). To achieve positive
cooperatively in PROTAC strategy, the researchers explored the
length and chemical nature of the linker region of PROTAC,
rather than derivatizing the pharmacophores as that would
pose a high risk of loss in affinity towards their respective
proteins. Hence, various linker designs have been presented
with a wide PROTAC-type implementation,®"” such as amide-to-
ester substitution,?? azide-alkyne cycloaddition,®” and diazo
reactions.®¥ Also, a focus has been drawn on the choice of E3
ligase ligands as the expression of E3 ligases is cell-specific.?¥
Also, a lower level of the E3 ligase ((Von Hippel-Landau (VHL),>”

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 2. Synthetically developed inhibitors of Bcl-x, protein with associated platelet toxicities: ABT-199,'¥ ABT-263,"* BH3I-1,"¥ WL-276," Obatoclax,"®
WEHI-539,""” A-793844,” ABT-737,""7" A-1293102,""® A-1331852,""® A-1155463,""®); Oligomers: p-terphenyl derivative (BH3-M6),"”'¥ oligoamide-foldamer (JY-
1-106 (IC,: Bcl-x/Bak =394 + 54 nM,*” Mcl-1/Bak = 10.2140.83 uM2")). ELISA: enzyme-linked immunosorbent assay.

platelet toxicity. In 2019, Zheng and co-worker from the College
of Pharmacy, University of Florida identified DT2216 as the first
example of Bcl-x, PROTAC, which has an ABT-263 as a Bcl-x,
warhead and VHL-recruiting E3-ligase ligand (as shown in

cereblon (CRBN)), associated E1 (UBA1), and E2 (SFT) enzymes
found in human platelets.

This finding led the researchers to incorporate E3 ligase
ligands into the Bcl-x, PROTAC strategy to reduce the on-target
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Figure 3. Naturally derived preferential or dual Bcl-x,/Bcl-2/Mcl-1 inhibitors: Anacardic acids,”? Endiandric acids,” Marinopyrroles,*” Polyphenols (Gossypol,
ApoG2, EGCG, TW-37),%% Meiogynins,”” and antimycin-A.?’ However, most of them were not studied for their on-target platelet toxicity.

Figure 6A).°Y The adapted synthetic strategy to develop
DT2216 includes a replacement of the morpholine ring of ABT-
263 with piperazine. The piperazine ring served as an attach-
ment point for the VHL-ligase ligand through a 6-carbon amide
linker (as shown in Figure 6A).”® In MOLT-4 cells (Bcl-x,-depend-
ent T-cell acute lymphoblastic leukemia, “T-ALL"), the DT2216
showed a rapid and long-lasting (D,,.,_90.8%) Bcl-x_ protein
degradation (DCs,_63 nM). However, moderate on-target plate-
let toxicity of DT2216 was also observed (D,,,,=26%) up to a
3 uM dose level. The viability assay on MOLT-4 cells showed a
four-fold potency of DT2216 (EC;,=52nM) over ABT-263
(EC,=191 nM), with no platelet cytotoxicity until 3 uM.k?
Preincubation of MOLT-4 cells with an excess of ABT-263, VHL,
and MG132 (a proteasome inhibitor) showed a significant
reduction in ternary complex (Bcl-x-DT2216-VHL) formation
and Bcl-x, degradation. Also, no effect on the cellular level of
Bcl-x, in VHL-null 786-0O renal cell carcinoma cells was recorded.
Later, negative control of DT2216 (DT2216-NC) was developed
by inverting the stereochemistry on the hydroxyproline moiety
of a VHL ligand (as shown in Figure 6B). This inverted stereo-
chemistry doesn’t allow the PROTAC molecule (DT2216-NC) to
adopt a binding conformation with E3 ligase, therefore as

ChemBioChem 2022, 23, €202100689 (5 of 19)

expected, DT2216-NC failed to induce Bcl-x, degradation and,
no ternary complex formation was observed. These observa-
tions supported the DT2216-induced proteasome-mediated
Bcl-x, degradation. Later, various in-vivo efficacy parameters of
DT2216 were evaluated in MOLT-4, NCI-H146 (small cell lung
carcinoma, SCLC), MDA-MB-231 (breast cancer) xenograft
mouse models. In MOLT-4 xenografts, a single dose of intra-
peritoneal injection (i.p. dose =15 mg/kg) of DT2216 produced
a significantly higher intra-tumoral concentration than cellular
EC,, values, that were retained for more than one week and led
to a substantial reduction in the Bcl-x, expression. Also, a mild
reduction in platelet count with no reactive thrombocytosis was
observed after treatment of DT2216, whereas an equivalent
therapeutic dose of ABT-263 produced severe thrombocytope-
nia after 6 h. Based on these outcomes, DT2216 was found
more efficacious and safer antitumor agent than ABT-263. The
significant improvement in platelet toxicity as shown by
DT2216 over ABT-263 exhibits a plausible role of changes in
physicochemical properties during the transition of DT2216
from ABT-263. As the changes in physiochemical properties are
directly affected by the presence of an extra-large structure of
DT2216 (also called “molecular obesity”) than its parent ABT-

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH
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(half-maximal degradation concentration) and D,,,, (maximum degradation).
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doesn’t bind to the VHL. (C) Showcasing the surface lysine residues in Bcl-x_ (Left side) and Bcl-2 (Right side), reproduced with permission from Khan et al.?

Copyright 2019 Nature Publishing Group.

263 (which has a smaller heterocyclic structure), which certainly
attributed to lowering its cell permeability. Furthermore, the
cytotoxicity profile of DT2216 was compared with the clinical
inhibitors of other Bcl-2 family proteins as shown in Table 1.

NanoBRET assay measured the ternary complex formation
ability of DT2216 with Bcl-x, and Bcl-2 protein in live cells,
where a ternary complex was observed for Bcl-x, but not for
Bcl-2, though DT2216 showed a higher Bcl-2 protein binding
affinity than Bcl-x,.

To understand such behavior of DT2216, the co-crystal
structure of ABT-263 with Bcl-x, (PDB code: 4QNQ) was studied.
It was observed that the solvent-exposed lysine residues for
potential ubiquitin sites are available at 16, 20, 87, and 157 (as
shown in Figure 6C), with the other two lysine residues (205
and 233). As later lysine residues (205 and 233) are buried in
the transmembrane region, therefore were not considered for
further studies. Mutation analysis showed that lysine 87 is the
key residue available for ubiquitination that induces Bcl-x,

Table 1. Comparison of sensitivity of promising Bcl-2 family inhibitors with respect to DT2216.
Cancer Cell Sensitive: (EC5o=pM) EC5o=pM
type line A-1155463 (Bcl-x,) ABT-199 (Bcl-2) $63845 (Mcl-1) ABT-263 (Bcl-2/Bcl-x,) DT2216
T-ALL MOLT-4 high insensitive insensitive 0.191 0.052
B-ALL RS4;11 insensitive high insensitive 0.028 0.23
multiple myeloma EJM insensitive insensitive moderate >2 >2
H929 insensitive insensitive high >2 >2
SCLC NCI-H146 high moderate NR 0.030 0.160
breast MDA-MB-231 moderate insensitive insensitive 0.707 0.229
prostate PC3 insensitive insensitive insensitive >10 >10
hepatic HepG2 insensitive insensitive insensitive >10 >10
colon SW620 insensitive insensitive insensitive >10 >10
renal 786-0 NR NR NR >10 >10
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degradation. Whereas, the corresponding lysine residue is
missing on the surface of Bcl-2 protein, which also explained
why DT2216 was selectively Bcl-x, degrader but not a Bcl-2
degrader.

To improve the anticancer activity spectrum of DT2216, the
researchers attempted to enhance its ternary complex stability
with Bcl-2 protein. The co-crystal structure of ABT-263 with Bcl-
2 (PDB code: 6QGH) was studied, where dimethyl groups of
cyclohexene substructure of ABT-263 were found in the
solvent-exposed region. This information helped the authors to
find another tethering point on ABT-263 to attach a VHL ligand
(as shown in Figure 7A).5” Using dimethyl group of cyclohexene
as tethering point, the linker length was exploited to synthesize
eight PROTACs (PP1-8). Based on cell viability assays on MOLT-4
and RS4;11 cancer cell lines (as shown in Figure 7A), PP5 was
found the most potent cytotoxic among these PROTACs. The
densitometric analysis of Bcl-x, expression in MOLT-4 and
RS4;11 cancer cell lines, found a two-fold degradation potency

A

i

of PP5 over DT2216 (DCs, values are shown in Table 2).5” As
PP5 was a racemic mixture, therefore was resolved into its
epimers: S-epimer (PZ703a) and R-epimer (PZ703b). The cell
viability assays on MOLT-4 and RS4;11 cancer cell lines showed
a significant potency of R-epimer (PZ703b) over S-epimer
(PZ703a), and a two-fold more potent than parent PROTAC
(PP5). Such differences in activity among epimers, also
exemplify a critical role of stereochemistry in shape recognition
at the ligand-protein interface in drug design. To understand
the mechanism, competitive assays were performed on MOLT-4
cells. MOLT-4 cells were preincubated with MG-132 and VHL-
032 (a VHL ligand)®® and then treated with PZ703b. This
resulted in a decrease in the Bcl-x, degradation, indicating that
PZ703b utilizes an E3 ligase-dependent proteasomal degrada-
tion of Bcl-x, protein. Additionally, a negative control (PZ703b-
NC) was developed with a synthetic strategy that was used for
DT-2216-NC. As excepted, PZ703b-NC showed the lowest
cellular cytotoxicity than the reported PROTACs in their study

-

e

“XW

SO,CF; o]
) HN ('s? NH Q
(0) 2 /N [T TTTmmmosoosmoosooo-ooo-o-o-oo !
Chr” M6 OO D 5 o |
SPh : i
Bcl-2/Bcl-x, Ligand (ABT-263) Cl : 5
" ; .=
Racemic compound: PP5 (n = 5) ! :
Epimers: PZ703a (S-isomer, n = 5), PZ703b (R-isomer, n = 5) ' ________________________ '?27_03b_'_NCE
Compounds MTS cell viability (IC5, = nM) AlphaScreen Assays (Kd = nM)
MOLT-4 RS4;11 Bcl-x, /Bad Bcl-2/Bim Platelet
VHL VHL" VHL VHL* (ICs0 = uM)
ABT263 212.3+26.0 42657 2.07+£0.48 ND 0.65+0.36 ND 0.325+0.15
DT2216 75.3+9.1 2117 +274 758+0.62 2.18+0.51 2.25+0.33 1.46 + 0.41
PP5 321+£37 23.3%4.0 29+0.5
PZ703a 170.4£19.6 4183+453 2.75+0.55 0.64+0.18 1.47+0.25 0.55+0.18 9.85+0.15
PZ703b 15.9+27 11.3+22 259+0.16 0.65+0.19 1.22+0.61 0.53+0.19 0.96 £0.03
PZ703b-NC 820.6 + 112.5 328.0 £48.5
Racemic compound: PPC8 (n = 3)
Epimers: 753a (S-isomer, n = 3), 753b (R-isomer, n = 3)
Compounds AlphaScreen Ki = nM Degradation acitivity
Bcl-x /Bad  Bcl-2/Bim Bel-x_ Bcl-2 Platelet
DCs0=nNM Dmax DCsp Dmax (ECsp=nM)
ABT-263 0.378 £0.016  0.284 + 0.058 221
DT2216 3.964 +2.031 1.852+0.168 20.3 92% ND 0%
PPC8 12.9 94% 54  94%
753a 1.52+0.324 1.32+0.085
753b 1.313+0.23 1.054 +0.21 6.0 30 599

Figure 7. (A) PROTAC analogs derivatized ABT-263 and VHL E3-ligase ligand. VHL™ =without VHL; VHL* =with VHL. (B) PROTAC analogs derivatized ABT-263

and VHL E3-ligase ligand.
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Table 2. Bcl-x, degradation by PP5-based PROTACs in MOLT-4, RS4;11.
VHL-based Bcl-x, Bcl-x,_ expression in cancer cell types™
PROTACs (DCso=nM)
MOLT-4 RS4;11
DT2216 68.6 +15.1 583 +6.3
PP5 316 +7.2 226 +6.6
PZ703a 127.4 +£27 752 £9.5
PZ703b 143 £5.1 11.6 £3.2
[a] Densitometric analysis.

(PP1-8, both epimers of PP5 and DT2216), as shown in
Figure 7A. By cell-free AlphalISA assay, the in-vitro ability of
ternary complex formation of PROTACs (DT2216, PZ703a, and
PZ703b) was evaluated. PZ703b showed a strong signal, while
all formed in-vitro ternary complex with Bcl-x, and Bcl-2 but not
with Mcl-1 (an antiapoptotic member of Bcl-2 protein family).
By NanoBRET assay, PP5, PZ703a, and PZ703b were shown to
form stable ternary complexes, while PZ703b showed a most
pronounced effect in live cells. However, DT2216 and PZ703b-
NC were unable to form ternary complexes in live cells.
Surprising, the most potent epimer showed a higher platelet
affinity (PZ703b, 1C;,=0.96 uM) than other epimer (PZ703a,
IC5o=9.85 uM) and its parent PROTAC (PP5, IC5o=2.9 uM).?”
Optimization on the molecular frame of PP5 led to the
development of another class of Bcl-x-PROTACs with much
enhanced Bcl-2 degradation activity.®” The dimethyl groups of
cyclohexene structure of ABT-263 were extended into a
piperazine ring that was tethered to a VHL ligand (as shown in
Figure 7B). Exploration of the linker length led to the synthesis
of seven PROTACs (PPC5-11). Based on Bcl-x,/Bcl-2 degradation
studies in HEK293T cells, PPC8 showed maximum degradation
(94%) for both the proteins (D, values are shown in Fig-
ure 7B). As PPC8 was a racemic PROTAC, that was resolved into
its epimer (S-753a and R-753Db). Like the chemical biology of
PP5 (where R epimer PZ703b showed higher potency than S-
epimer), similar observations were also found with the epimers
of PPC8. The R-epimer (753b) showed a higher Bcl-2/Bcl-x,
degradation activity than its parent PROTAC (PPC8). Interest-
ingly, the Bcl-2/Bcl-x, binary binding affinities for both epimers
were found weaker than ABT-263. The stability of the ternary
complex of 753 a, 753 b, and DT2216 was studied with the help

of AlphLISA (in-vitro) and NanonBRET (in live cells) assays. 753 b
shown a stronger in-vitro ternary complex stability with Bcl-
x,Bcl-2 than 753a and DT2216. Similar results were also
obtained from NanoBRET assays (except no ternary complex
was detected for DT2216 with Bcl-2 protein). In the NanoBRET
assay, R-753b showed a higher affinity in forming the ternary
complexes with Bcl-x, and Bcl-2 proteins than S-753a. Further
experiments on VHL-knock out models and preincubated cells
with proteasome inhibitors (MLN4924 and MG132), abrogated
the Bcl-x, as well as Bcl-2 degradation activity of S-753b,
indicating the proteasomal mediated Bcl-2/Bcl-x, degradation
mechanism. Compared to the other dual Bcl-x,/Bcl-2 degrader
(Pz703b) as shown in Figure7 A, 753 b shows a relatively lower
therapeutic index towards platelets.

The ternary complex models of 753b and DT2216 were
studied (as shown in Figure 8). In comparison, more residues at
the interface of Bcl-x.: VHL proteins were interacting with the
binding conformation of 753b (Figure 8B) than DT2216 (Fig-
ure 8A). In corresponds to the piperazine ring of DT2216, the
morpholine ring of the 753 b was found significantly offset (as
shown in Figure 8C), suggesting the adopted binding confor-
mation of DT2216 deviated from the original binding con-
formation of ABT-263, possibly during its transformation to the
PROTAC structure. However, 753b showed a similar binding
mode of ABT-263 and explained why 753b is more potent
PROTAC than DT2216.

Studies reported cereblon (CRBN) as one of the E3 ligase
other than VHL E3 ligase, which is commonly expressed in
various cancer cell types but less in platelets.*” This information
led researchers to develop CRBN E3 ligase-based PROTACs to
reduce the on-target platelet toxicity of Bcl-x,_ inhibitors. The co-
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Figure 8. Ternary complexes of DT2216 (A), 753b (B), and superpose of DT2216/753 b (C). Reproduced with permission from Lv et al.** Copyright 2021 Nature

Publishing Group.
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crystal structure of Bcl-x, with A1155463 was studied, where
the dimethylamino terminus of A1155463 was found in the
solvent-exposed region (highlighted in blue color in Figure 9).
With the application of azide-alkyne Huisgen cycloaddition™" (a
common synthetic strategy that is used for macrocyclization or
conjugating the warheads), the dimethylamino terminus of
A1155463 was tethered with a CRBN E3 ligase ligand
(pomalidomide),*” which resulted in the synthesis of XZ424. By
Alpha screen binding assay, a similar picomolar Bcl-x, inhibition
range for XZ424 (Ki=9 pM) and A1155463 (Ki=5 pM) was
observed. In MOLT-4 cells,*? XZ424 exhibited a dose-depend-
ent Bcl-x, degradation (DC;,=50 nM under 16 h treatment) but
no change was observed in Bcl-x, protein level in platelets (up
to 1.0 uM for 16 h). The dose-response studies showed a Bcl-x,
degradation of XZ424 was initiated after 2h and reached
> 85 % degradation after 16 h (at 100 nM) in MOLT-4 cells. Later,
MOLT-4 cells were preincubated with MG132 and an excess of
the pomalidomide to evaluate the CRBN mediated proteasomal
mechanism of XZ424. As expected, the activity of XZ424 was
severely reduced in these assays, which supported the
utilization of the CRBN mediated ubiquitination for its Bcl-x,
degradation activity. No activity was observed for its negative
control (XZ424-NC, which is a methylated version of XZ424 as
shown in Figure 9) in MOLT-4 cells, which confirms the CRBN
mediated Bcl-x, degradation of XZ424. Interestingly, A-1155463
(EC5p=6.2£t4.3nM at 72 h) and XZ424 (EC;,=51+23nM at
72 h) showed a nanomolar range MOLT-4 cytotoxicity while a
significant platelet toxicity difference between A-1155463
(EC5o=7.1£2.6 nM at 24 h) and XZ424 (EC;,=1136+27 nM at
72 h) was observed. In comparison, XZ424 lost some Bcl-x,
affinity during its transformation from A-1155463 but main-
tained a nanomolar range Bcl-x, inhibition with significantly
improved therapeutic index to platelets (a twenty-two times
selectivity of XZ424 versus no selectivity of A-1155463). The
observed differences in anticancer and platelet activities reflect

a key role of the molecular obesity of XZ424 in decreasing its
platelet cell permeability. Additional experiments (western
blotting and flow cytometry) indicated that XZ424 induces
caspase-dependent apoptosis in MOLT-4 cells."”

To expand the scope of structure-activity relationship (SAR)
studies, the authors explored the different nature of linkers
(aliphatic, polyethers, triazole ring-embedded), tethering points
on ABT-263 and E3 ligase ligands (VHL/CRBN).*® The tethering
point on ABT-263 for the linkers was either piperazine ring
(series 1 & 3) or N-methylamino functionality (series 2 & 4), as
shown in Figure 10. While series 1-4 utilized VHL (series 1 & 2)
or CRBN (series 3 & 4) as E3 ligase ligands, as shown in
Figure 10. The cell viability and estimated degradation rates of
the potent PROTACs from each series 1-4 are compiled in
Table 3. The polyether linker containing XZ739 ((DCs, = 2.5 nM))
from series 4, which has an N-methylamino functionality as a
tethering point on ABT-263 and CRBN E3-ligase ligand, was
found 21-times more potent Bcl-x, degrader than DT2216
(DCso=53 nM).** In MOLT-4 cells, degradation started at 2 h,
and more than 96% was observed after 8 h at 100 nM of
XZ739. The washout experiments found Bcl-x, degradation,
long-lasting and reversible. The effect of XZ739 on the cellular
level of proteins in MOLT-4 cells was determined by western
blotting, which suggested a dose-dependent Bcl-x, degrada-
tion. Preincubation with a proteasome inhibitor (MG-132) and,
excess of CRBN ligand (pomalidomide) abrogated the Bcl-x,
degradation activity of XZ739 in MOLT-4 cells, supporting the
CRBN E3 ligase mediated proteasomal degradation. To confirm
the Bcl-x, degradation mechanism of XZ739, XZ739-NC was
developed as a negative control. Chemically, XZ739-NC has a
structure like XZ739, with a methyl group substituted on the
cyclic amide (-NH-) of the pomalidomide to prevent its binding
to E3 ligase (as shown in Figure 10). As anticipated, no Bcl-x,
degradation was observed with XZ739-NC, which confirmed
the CRBN-mediated Bcl-x, degradation mechanism of XZ739. In
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Figure 9. Chemical structure of A1155463 based PROTAC with CRBN E3 ligase.
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Figure 10. Bcl-x_ degraders: Investigation of linker chemical space and tethering points to the warheads.
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Table 3. Most potent Bcl-x, PROTACs degradation with diverse linker chemotypes.”’!

Bcl-x, PROTACs ICso (NM)™ 48 h treatment DGy, ICs, ratio'?
MOLT-4 RS4; 11 H146 Platelets

ABT-263 230* 49 43.8 242 ND 1.1

DT2216 77.1 213 278 > 10,000 53 >130

PROTAC-2b 82 76 203 > 10,000 93 >122

PROTAC-6¢ 81.3 189 265 > 10,000 71 >123

PROTAC-12c 17.3 385 24.6 1560 4.5 90

PROTAC-15a 29.2 62.2 61.7 6250 6.3 214

PROTAC-16a 325 129 70.2 3296 10.6 101

XZ739 10.1 41.8 253 1217 25 120

[a] ICs, values are the means of at least three independent experiments. [b] In MOLT-4 cells, 16 h treatment. [c] ICs, ratio between human platelets and

MOLT-4 cells. * typographical error: different values for ABT-263 (ICs,=230 nM in Table 1; ICs,=227 nM in Table 5) mentioned in original paper.“
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comparison to ABT-263, XZ739 showed a preferential cell-
selectivity (MOLT-4 than RS4;11 or H146 cell lines) (as shown in
Table 3), and with a 120-folds less cytotoxic to platelets.”*

3.3. Bcl-x, targeted PROTACs in senescence cells

As the survivability of senescent cells is commonly related to
the overexpression of Bcl-x, protein, therefore the application
of Bcl-x_ protein inhibitors as senolytic agents certainly has
clinical significance. Zheng and Zhou's co-worker explored this
opportunity of using Bcl-x, PROTACs for targeting the senescent
cells (SC).* They developed PZ15227, a CRBN-recruiting
degrader based on the ABT-263 structure (as shown in
Figure 11). Using Alphascreen binding assay, PZ15227 (Ki: Bcl-
x/Bad=1.904+0.15nM, Bcl-2/Bad=3.524+0.26 nM,  Bcl-w/
Bad = > 1000 nM) exhibited Bcl-x_Bcl-2 binding affinities similar
to ABT-263 (Ki: Bcl-x/Bad=1.53+0.07 nM, Bcl-2/Bad=1.03+
0.11 nM, Bcl-w/Bad =8.5 nM). As the survival of senescent cells
depend on the expression of Bcl-x, but not on Bcl-2/Bcl-w,
therefore the cellular level of these proteins in non-senescent
cells (WI38 human fibroblast cells) were quantified by using
western blotting in a dose-dependent manner. In these experi-
ments, PZ15227 showed a rapid long-lasting Bcl-x, degradation
(DCs0=0.046 pM; D,,.x=96.2%) and > 65-times potency than its
Bcl-2 degradation (DCy= >3 puM; D,..=36.1%) and Bcl-w
(DCso= >3 PM; Dy =16%).*" A similar degradation profile of
PZ15227 was also observed for WI138 senescent cells ( WI138
SCs). To evaluate the platelet toxicity, PZ15227 was compared
with ABT-263 using MTS assays at 24, 48, and 72 h intervals on
mouse platelet cells. The resulted ECs, values at 24 h (ABT-
263=1.02 uM; PZ15227 = >10 uM), 48 h (ABT-263=0.39 uM;
PZ15227 = >10 uM) and 72 h (ABT-263=0.14 uM; PZ15227 =
3.32 uM), certainly showed a substantial improved platelet
survivability from Pz15227 than ABT-263. In comparison to
ABT-263, PZ15227 exhibited a slight improvement in Bcl-x,
potency for WI138 SCs. To widen its senolytic spectrum, cell
viability assays were performed on various types of senescent
cell lines: WI38 replicative senescent cells (ECy,: ABT-263=
1.23 uM, PZ15227=0.13 pM), WI38 Ras oncogene-induced
senescent cells (ECs,: ABT-263 =0.49 uM, PZ15227 =0.61 uM),
IMR90 ionizing radiated senescent cells (EC;;: ABT-263 =
0.34 uM, PZ15227 =0.30 uM), REC ionizing radiated senescent
cells (ECso: ABT-263=0.52 uM, PZ15227 =0.29 pM), PAC ioniz-

ing radiated senescent cells (ECs;: ABT-263=0.28 uM,
PZ15227=0.074 uM). These ECs, values clearly showed
SO,CF5

O NCN@ §

PhS
Cl

o)
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o
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Figure 11. PZ15227: ABT-263 warhead (Bcl-XL) that recruits CRBN E3 ligase.
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PZ15227

PZ15227 as a broad-spectrum senolytic agent. Results from
other experiments further verify the PZ15227 as a selective Bcl-
x,_ degrader but not a Bcl-2 degrader, such as (a) no reasonable
change in the cellular levels of Bcl-2 or Bcl-w proteins was
observed, (b) no Bcl-2 poly-ubiquitination was recorded, (c) a
moderate-to-low change in the glutamate synthetase
expression.*” Additional observations indicated the PZ15227
follow a CRBN-dependent proteasomal degradation mecha-
nism, such as (a) no Bcl-x, degradation was recorded with
preincubated cells with ABT-263 or pomalidomide or MG132,
(b) no change was found in the cellular level of Bcl-x, with
CRBN knock out cells, (c) methylation on pomalidomide
substructure of PZ15227 abrogated its Bcl-x, degradation
activity. Later, pharmacokinetic studies of PZ15227 were
performed in naturally aged mice models. Compared to the
ABT-263, PZ15227 showed reasonable metabolic stability
(plasma as well as microsomal) and bioavailability (intraperito-
neal and intravenous than the oral route), with less aqueous
solubility. By intraperitoneal route, PZ15227 showed moderate
thrombocytopenia compared to an equivalent effective dose of
ABT-263 (41 pmol/kg) in the mice models. Whereas the first
dose of ABT-263 (41 umol/kg or 40 mg/kg) induced severe
thrombocytopenia, while less intensive dosing of PZ15227
(41 pmol/kg, per 3 days) exhibited a long-lasting PROTAC
activity than ABT-263. Also, PZ15227 was found to decrease
significantly the splenic expression of key senescent cell
biomarkers.

3.4. Bcl-x, targeted SNIPERS in cancer

Two issues are commonly encountered in PROTAC strategies (a)
mutation of E3 ligases and (b) a lower expression of E3 ligases
in the target cells. Therefore, other event-driven pharmacology-
based strategies were also investigated. In this aspect, Zheng
and Zhou's co-worker investigated IAP (inhibitor of apoptosis
protein) based Bcl-x, degrader. In humans, eight IAP proteins
are present, which have distinctive baculovirus IAP repeat (BIR)
domain and a zinc-binding domain in their three-dimensional
structure.” Also, IAPs contain a Ub-associated domain for
binding to poly-Ub chains and a RING (really interesting new
gene) domain that has E3 ligase activity.”) Studies showed a
strong correlation of their overexpression or loss of endogenous
antagonists of IAP proteins with cellular malignancy, survival,
and poor prognosis. The PROTACs developed on IAP, are
commonly called SNIPERs (Specific and non-genetic IAP-
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dependent protein erasers) and are successfully developed for
BCR-ABL, bromodomain proteins, nuclear receptors (estrogen),
and other proteins of interest. Similar to the DT-2216 synthetic
strategy, authors developed PROTAC-4b (as shown in Fig-
ure 12) by replacing the morpholine ring of ABT-263 with a
piperazine ring and used it as an attachment point with an XIAP
antagonist (LCL161). XIAP (X-linked inhibitor of apoptosis
protein) is a protein called an inhibitor of apoptosis protein 3
(IAP3) and baculoviral IAP repeat-containing protein 4 (BIRC4).
XIAP binds to caspases (3, 7, and 9) and prevents cellular
apoptosis. Similar to the other IAPs, it has a RING domain with
E3 ubiquitin ligase activity, which activates the proteasomal
ubiquitination of its own, caspase-3, caspase-7, and therefore,
considered as the most potent human IAP protein. Some
studies showed that the targeting of XIAP improves efficiency
and can produce a large change in SNIPER-induced proteasomal
degradation.”® As IAP compound 1 has a more potent XIAP
binding affinity than LCL161, therefore authors developed IAP
compound 1 based PROTAC-8a (as shown in Figure 12).
Reasonable cytotoxicity of PROTAC-1 against MyLa 1929 (T-cell
lymphoma cells, EC;y=62 nM) compared to ABT-263 (EC;,=
50 nM) was recorded. In comparison to other PROTACs based
on ABT-263 and CRBN E3-ligase ligand (such as XZ739 and
XZ424), PROTAC-8a showed a high potency towards Myla 1929
and least potency towards MOLT-4 cells. Preincubated cellular
experiments with proteasomal inhibitor (MG-132), IAP com-
pound-1, and ABT-263 confirmed a PROTAC-8a induced
proteasomal degradation of Bcl-x, protein. As IAP compound 1
has a high affinity for melanoma-IAP (ML-IAP, a IAP protein
highly expressed in melanoma cells*”) therefore, wild-type and
ML-IAP knockout SK-MEL-28 cells were treated with PROTAC-
8a. The purpose of this experiment was to evaluate the
degradation mechanism of PROTAC-8a, which could be
mediated through XIAP or ML-IAP. However, if it would be ML-
IAP-mediated, then a higher Bcl-x, degradation in wild type SK-

ey
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MEL-28 cells (enriched with ML-IAP protein) would be observed
than knockout SK-MEL-28 cells.*® But, no distinctive difference
in Bcl-x_ degradation levels in both SK-MEL-28 cell variants was
observed, which suggested PROTAC-8a utilize other I|AP
proteins than ML-IAP. Even, no change in cellular levels of Bcl-2
and Mcl-1 protein was observed, indicating a higher Bcl-x,
protein degradation specificity of PROTAC-8a. The cell viability
assays on MyLa1929 cell line, showed PROTAC-8a with a nearly
1000-folds cancer cell-selectivity (IC;,=62nM, and ICs=
8500 nM in platelets) while ABT-263 showed a moderate cell
selectivity (IC5o=50 nM; 1C;,=189 nm in platelets). The SAR
studies indicated that the specificity of IAP ligands is crucial for
its protein degradation activity, as LCL161 derived PROTACs
showed a moderate-to-low MyLa1929 activity compared to the
IAP compound 1 derived PROTACs. However, LCL161 derived
PROTACs with more than 8-carbon linkers (polyether or triazole-
polyether) showed moderate submicromolar activity, while
PROTACs with less than 8-carbon length showed a decreasing
cytotoxicity trend against MylLa 1929 cells. Interestingly, all
PROTACs derived IAP compound-1 showed consistent cytotox-
icity 1Cs, values less than 274 nM. The observed differences in
the activities of these two different types of PROTAC certainly
illustrate a high dependence on the specificity of IAP ligand,
and therefore, a comprehensive profiling of IAP ligands must be
done to understand their roles and expression at cellular level.

3.5. Prodrug strategies based on Bcl-x, inhibitors to reduce
on-target platelet toxicity

Besides protein degradation approaches mentioned in this
manuscript (such as PROTAC and SNIPER), researchers also
implemented prodrug-based strategies to reduce the on-target
platelet toxicity of Bcl-x, inhibitors. The concept of prodrugs is
used to minimize the drug exposure to the platelets and gets

0 2
>&\/.\/ NYS o
/j&(/ GN/U\/N\”J\H/

=

PROTAC-4b LCL161
O NH
' HN‘(
IAP compound -1
PROTAC-8a

Figure 12. Chemical structure of PROTAC-4b and PROTAC-8a that recruits IAPs (LCL161 and IAP compound 1) for Bcl-X, degradation.
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activated chemically or enzymatically into an active form when
it reaches the targeted cells.

3.5.1. Phosphate prodrugs based Bcl-X, inhibitors

A phosphate prodrug (APG-1252 (BM-1252)) was developed on
a dual Bcl-x/Bcl-2 inhibitor, as shown in Figure 137 In
comparison, APG-1252 showed lower cell-permeability for the
platelets than cancer cells. After reaching the target cells, APG-
1252 gets converted into APG-1252-M1 (BM-1252-M1) (an
active form).*” Although APG-1252 and APG-1252-M1 showed
higher affinity for both proteins (Bcl-2 and Bcl-x, in the range of
Ki<1nM), APG-1252-M1 showed ten-fold cytotoxicity than
APG-1252 in SCLC cells.”? Additionally, the APG-1252-M1
demonstrated a Bax/Bak-dependent apoptosis mechanism in
MEF/MCL1~~ cell line. Nevertheless, both forms (prodrug and
active form) were able to achieve a complete tumor regression
in animal cancer models, but APG-1252-M1 showed an over 30-
folds platelet killing activity compared to its phosphate prodrug
form (APG-1252),"" which certainly relates a futuristic ther-
apeutic application of such strategy to reduce on-target
toxicities of other therapeutic agents. Studies performed by Qiu
and co-workers at Sun Yat-Sen University Cancer Center
(Guangzhou, China) on gastric cell lines (six cell lines: AGS and
N87, BGC-823, SGC-7901, MKN45, NUGC-3) showed APG-1252-
M1 induced a time and dose-dependent caspase-3 activation in
AGS and N87 cell lines.®™™ Their further experiments on xeno-
graft models where they subcutaneously transplanted N87 cells
into BALB/c athymic nude mice (male, 4 to 6weeks), resulted in
tumor suppression. With colorectal cancer cell lines, APG-1252-

M1 showed a nanomolar range as a single agent, while
synergistic activity with ortrametinib. Additionally, in combina-
tion with gemcitabine, APG-1252 showed an activation of the
caspase cascade, downregulation of the JAK-2/STAT3/Mcl-1
axis, and epithelial-mesenchymal transition, that produces a
synergistic effect in advanced nasopharyngeal carcinoma cells
(CNE2, HNE1, and TW03).°" In AML cell testing, APG-1252-M1
(APG-1252-12 A) exhibited Bcl-2/Bcl-x, mitochondria-dependent
apoptosis.”® The current ongoing trials®® on APG-1252 (com-
mercial name: Pelcitoclax) are summarized in Table 4.

3.5.2. Antibody-Bcl-X, inhibitor conjugate

This strategy is commonly called Antibody-Drug Conjugate
(ADCs), which efficiently delivers the active drug onto the site.
This way, the possible risk of drug exposure to the normal
tissues (in this case, platelet cells) gets reduced and improves
the therapeutic index of the drug. The phase-I clinical trial of
the Bcl-x,-targeting antibody-drug conjugate (ADC), ABBV-155
(mirzotamab clezutoclax) was commenced on July 13, 2018,
which is expected to get completed on September 29, 2022. In
this clinical investigation (clinical trial: NCT03595059), ABBV-155
will be investigated as a single-acting agent and, in combina-
tion with paclitaxel in adult patients with relapsed and
refractory solid tumors.””

S\/\/\
Pelcitoclax ©/
O~ F>\OH

Figure 13. Chemical structure of Phosphate prodrug of Bcl-xL inhibitors (APG-1252).

Table 4. Status of clinical phase and related studies.
Trial number Clinical condition Clinical study
or implications phase
NCT03387332 SCLC and other solid tumors Phase-|
NCT04210037 SCLC Phase-I/1l
NCT04001777 EGFR™ NSCLC Phase-|
NCT04893759 neuroendocrine tumors Phase-|
NCT03080311 SCLC, solid tumor Phase-I
NCT04354727 myelofibrosis Phase-I/1l
SCLC: small cell lung cancer; NSCLC: non-small cell lung cancer.
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3.5.3. Bcl-x, dendrimer conjugate

A collaboration of research teams of AstraZeneca from
Bollington, United Kingdom, and Boston (USA) developed
AZD0466. The AZD0466 is a dendrimer conjugate, where a
dual inhibitor (AZD4320) of Bcl-x,/Bcl-2 proteins is conjugated
with PEGylated poly-lysine units, as shown in Figure 14."” The
initial use of AZD4320 was to achieve a rapid intravenous Bcl-2/
Bcl-x_ inhibition in a wide range of cancers with manageable
on-target platelet toxicity. However, cardiotoxicity, poor aque-
ous solubility (< 1ug/ml), and high plasma protein binding of
AZDA4320 during preclinical development discouraged its
further development. Later, the low therapeutic index of
AZD4320 was addressed by developing its dendrimer-based
drug delivery, which improved its delivery to the target cells.
Based on the linker-atom type, the following dendrimers (SPL-
8931, X=S for SPL-8932 and X=O for SPL-8933) were
developed, as shown in Figure 14. The objective of developing
such specific linker-atom type dendrimers was to broaden the
pharmacokinetic studies compared to the therapeutic efficacy
and tolerability of AZD4320. The release rates for AZD4320
from all the three dendrimers (SPL-8931, SPL-8932, and SPL-
8933) showed first-order kinetics with T,, 201, 4.4, and 1.7h,
respectively. In the mouse xenograft model, all dendrimers had
similar pharmacokinetics where total plasma concentration was
cleared by reticuloendothelial system uptake. Using mathemat-
ical modeling,”™ the optimal release rate of AZD4320 was
estimated for the maximal therapeutic index to anticancer
efficacy and cardiovascular tolerance. In a dog telemetry study,
AZD0466 showed a reversible dose-dependent decrease in

platelet number, where recovery was achieved during its
subsequent dosing. Although this study doesn’t directly relate
the Bcl-x_ associated platelet toxicity but elucidates a possible
alternative strategy for Bcl-x, targeting with manageable
platelet toxicity. As dendrimeric-form (AZD0466) of AZD4320,
showed an improvement in therapeutic index and dose-
dependent cardiotoxicity, which encouraged the researchers to
evaluate the AZD0466 for its phase | clinical trial (clinical trial:
NCT04214093).*® The preliminary clinical results of AZD4320
showed potent cytotoxicity in mantle cell lymphoma cells
(ICso=1.6-78 nM).*” In an independent study, a synergism of
AZD4320 with acalabrutinib showed a suppression of the cell
proliferation in ibrutinib/venetoclax-sensitive and -resistant cell
lines (combination index=0.17-0.93)."”

3.5.4. Galacto-conjugation of Bcl-x, inhibitors

Authors exploited the higher expression of a senescence-
associated lysosomal [-galactosidase (SA-B-gal) enzyme in
senescent cells to improve the therapeutic index of Bcl-x
inhibitors.”® Collaboratory work of Manez (Universitét Politécn-
ica de Valéncia, Valencia, Spain) and colleagues demonstrated a
prodrug strategy for senolytic agent with reduced platelet
toxicity.®® They developed a galacto-conjugate prodrug (Nav-
Gal) based on the ABT-263 structure, as shown in Figure 15.
The Nav-Gal is a potent senolytic prodrug activated by
lysosomal SA-B-gal activity in a wide range of cell types.
Therapy-induced senescence cell viability assays were used to
evaluate Nav-Gal effectiveness. In these assays, the lung cancer

= Linker, X = CH,, O, S, NMe

Figure 14. Representation of AZD4320-dendrimer conjugate: Each dendrimer presenting 32 PEG2100 terminals (in grey color), 32 AZD4320 (in red color)
linker regions (marked in pink color), where if X=CH, for SPL-8931, X=S for SPL-8932 and X=0O for SPL-8933." Reproduced with permission from Patterson et

al®’ Copyright 2021 Nature.
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Figure 15. ABT-263-derived Nav-Gal structure.

cell line (A-549) was initially pretreated with cisplatin for ten
days. The cisplatin-pretreatment increased the expression of SA-
p-gal and senescence biomarkers. Later, cisplatin-pretreated
cells were treated with an increasing dose of ABT-263 and Nav-
Gal. After 72 h of treatment, the IC;, values for ABT-263
(0.122 pM) and Nav-Gal (0.275 pM) were calculated. However,
senolytic index for ABT-263 and Nav-Gal were found 16-folds
and 36-folds, respectively. Further studies utilized the GLB1
gene (a gene responsible for the expression of SA-3-gal enzyme
in the cells) knock-down cancer cell models (A549 and SK-Mel-
103) to evaluate the senolytic effect of Nav-Gal on lysosomal
SA-B-gal activity of senescent cells. A decrease in senolytic
activity for Nav-Gal and no activity change for ABT-263
indicated a SA-f-gal enzyme-dependent senolytic activity of
Nav-Gal. In conclusion, Nav-Gal was found as a selective-
apoptosis inducer in senescent cells than non-senescent cells,
with a higher senolytic index than its parent compound (ABT-
263) (comparative values shown in Figure 15). In combination
with cisplatin, Nav-Gal showed an additive antitumor effect in
lung cancer cells (A549 cell line). Furthermore, to validate the
in-vivo efficacy of Nav-Gal in combination with senescence-
inducing chemotherapy, authors developed a mice model
(where A549 cells were transplanted subcutaneously into severe
combined immunodeficient mice). Histological data showed a
reduced level of p21 and Ki67, suggesting apoptosis of
senescent cells facilitate the antitumor effect. In further studies,
an orthotopic model of NSCLC was used, where wild type-
C57BL/6 J mice were transplanted with syngenic luciferase-
expressing KP lung adenocarcinoma cell line (L1475luc). The
histological analysis demonstrated a high effectivity of combi-
nation therapy of cisplatin with Nav-Gal in preventing in-vivo
tumor growth. Comparative studies of Nav-Gal with ABT-263
showed reduced on-target platelet toxicity in ex-vivo (human
and murine blood samples) and in-vivo (wild type-C57BL/6 J)
models. The mode of the mechanism of Nav-Gal exhibited its
passive update into the non-senescent and senescent cells. As
senescent cells have higher expression of f-galactosidase than
non-senescent cells, therefore a high percentage of hydrolysis
of the glycosidic bond of Nav-Gal occurred in senescent cells
that release a higher amount of ABT-263 and inhibits the Bcl-x,
protein.
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4. Conclusion and Future Perspective

Apoptosis is a tightly regulated cellular process, and its evasion
is linked to the survival of cancer and senescent cells. The
evasion of apoptosis is often correlated with an abnormal
expression of intracellular antiapoptotic proteins. Bcl-x, is an
antiapoptotic protein that prevents apoptosis and, is considered
an attractive target for cancer and senolytic therapies. On the
other hand, a higher expression of Bcl-x, in solid tumors and, to
some leukemia and lymphomas is reported and, further linked
to the acquired resistance of some of the conventional
anticancer therapeutics (especially cyclophosphamide, doxoru-
bicin, and taxols)."? Although various Bcl-x, inhibitors were
developed in recent years, most of them were suffered from on-
target and dose-dependent platelet toxicities as an expression
of Bcl-x, is essential for platelet survival. Even, ABT-263 failed in
clinical trials due to its on-target platelet toxicity. Initially,
synergistic combinations with Bcl-x, inhibitors were attempted,
such as ABT-263 with JQ-1 (bromodomain inhibitor) and ABT-
263 with docetaxel. These combinations allowed to decrease
the effective dose of Bcl-x, inhibitor and thereby reduce their
dose-dependent toxicities. Because of the limited number of
clinical agents that can be used with Bcl-x, inhibitors, other
strategies were also investigated (mainly included, (a) Bcl-x,
targeted PROTACs, (b) Bcl-x.-targeted SNIPERS, (c) Prodrugs-
based Bcl-x, inhibitors). As most Bcl-x, inhibitor designs were
based on occupancy-driven pharmacology, therefore frequent-
dosing with picomolar-to-nanomolar range inhibitors is often
required for continuous therapy. Recent interests in developing
the strategies based on event-driven pharmacology exhibited a
direct degradation of the protein of interest without requiring
frequent dosing with subnanomolar range inhibitors. However,
to achieve efficient protein degradation, an expression of ligase
enzymes/ubiquitination cellular assemblies in the target cells is
a prerequisite requirement. Importantly, platelets have lower
expression of the E3 ligase enzymes, which prompted research-
ers to develop a series of Bcl-x, based PROTACs, as compiled in
Figure 16 and Table 5. Therefore, substantial development of
Bcl-x, PROTACs (DT2216 R-PZ703b, R-753 b, XZ739, PZ15227,
XZ424) has been carried out since the year 2019.

The first Bcl-x, PROTAC was DT2216 utilized the ABT-263
(as Bcl-x, warhead) and VHL (as E3 ligase ligand) (as shown in
Figure 6A). The information of binding conformation of ABT-
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Bel-x;, Ligand E3 ligase or
Pritoiii IAP Proteins

PROTAC Bcl-x; Ligand Linker E3 ligase ligand

DT2216 ABT-263 alkyl VHL

PP5 ABT-263 alkyl VHL

PZ703b ABT-263 alkyl VHL

PPCS8 ABT-263 Cyclic alkyl VHL

753b ABT-263 Cyeclic alkyl VHL

X7424 A-1155463 Triazole embedded polyether CRBN

X7739 ABT-263 polyether CRBN

P715227 ABT-263 Triazole embedded polyether CRBN

PROTAC-4b ABT-263 Alkyl LCL161

PROTAC-8a ABT-263 alkyl IAP compound-1

Figure 16. Summarized structures of Bcl-x, PROTACs and SNIPERs.

Table 5. A summary of the strategies implemented to improve the on-target toxicity of Bcl-x, inhibitors.
Chemotype  Structural composition Biology Advantages Limitations
PROTACs Bcl-x, E3 ligase Cell line Degradation  Implication Target undruggable targets Their dependence on the intracellular

ligand ligand testing activity Overcome chemoresistance  ubiquitin pathway for protein degrada-

EC;,=nM  (DCs;,=nM) Continuous dosing is not tion makes their use trivial for G-protein
DT2216 ABT-263  VHL 529 63" anticancer  required couple receptors of other transmem-
PP5 ABT-263  VHL 3214379 31.6+7.20 anticancer  pM or nM range inhibitor brane proteins.
PZ703b ABT-263  VHL 1594279 143451 anticancer  not necessarily required commonly show “Hooks effect”
PPC8 ABT-263 VHL NA 20.3% anticancer  Can work against muta- Poor cell permeability
753b ABT-263  VHL NA 6.0" anticancer  tions in the protein of Synthesis is challenging
XZ424 A1155463 CRBN 6.2+4.3% 50,09 anticancer  interest Low systemic clearance
XZ739 ABT-263  CRBN 10.1@ 2.50% anticancer  Complete inhibition of tar-
PZ15227 ABT-263  CRBN 1309 46.0 senolytic geted protein signaling can
be achieved
SNIPERSs Advantages as mentioned Limitations as mentioned for PROTACs
PROTAC-4b ABT-263  LCL161 759 NA anticancer  for PROTACs
PROTAC-8a ABT-263  IAP 629 NA anticancer  Can be used in cases where
compound E3 ligases for PROTACs mu-
1 tated or less expressed in
the target cells.

Prodrug Strategies Reduces the off-target as Poor drug penetration
Prodrug Bcl-x, Strategy Clinical Implication  well as on-target toxicity Higher drug dosage

ligand status Sustained release
APG-1252 APG- Phosphate prodrugs Phase-I/Il anticancer  Define release kinetics

1252-M1 Localized delivery
ABBV-155 NA Antibody conjugate Phase-I Anticancer
AZD0466 AZD4320  dendrimer conjugate Phase-I anticancer
Nav-Gal ABT-263 Galacto-conjugation NA senolytic

263 with Bcl-x, was used, where morpholine ring of ABT-263
was found in the solvent-exposed region and exploited as a
point for a linker attachment. Therefore, the morpholine ring of
ABT-263 was replaced with a piperazine ring (which is a
bioisostere of morpholine ring) that was tethered to a VHL E3
ligase ligand. The DT2216 showed a four-fold potency in MOLT-

ChemBioChem 2022, 23, 202100689 (17 of 19)

4 (EC5,=52nM) cells than ABT-263 (EC5,=191 nM) with no
platelet cytotoxicity up to 3 uM. Interestingly, DT2216 showed
a higher potency for Bcl-2 protein than Bcl-x,, while NanoBRET
assays only found a stable ternary complex formation with Bcl-
x,, but not with Bcl-2 protein. To enhance the Bcl-x/Bcl-2 dual
protein degradation of DT2216, researchers altered the linker
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attachment point from the morpholine ring to the methyl
group of cyclohexene of ABT-263. This modification led to a
new class of PROTACs, where PP5 was found more potent than
its parent PROTAC (DT2216). PP5 was a racemic mixture whose
resolved stereochemistry led to the identification of a highly
potent and cell-selective R-epimer (PZ703b), as shown in
Figure 7A. Keeping the same warheads (ABT-263 and VHL E3
ligase ligand) with a subtle change in the rigidity of the linker
led to the identification of dual Bcl-x,/Bcl-2 degrader (PPC8).
The stereochemical resolution of PPC8 led to the separation of
R-epimer (R-753b), a highly potent and cell-selectivity than its
other counter S-epimer (as shown in Figure 7B). To expand the
scope of Bcl-x, PROTACs, four new series were developed (as
shown in Figure 10) where various linker-types, the attachment
points on ABT-263 and E3 ligase ligands, were studied. Most
potent PROTACs from series (Series-1: DT2216, PROTAC-2b;
Series-2: PROTAC-6 ¢; Series-3: PROTAC-12¢; Series-4: PROTAC-
15a, PROTAC-16a, XZ739) were tested for their cell-selectivity
against cancer cell lines (MOLT-4, RS4;11, and H146) and
platelets, as compiled in Table 3. Based on the design concept
used for the development of series-3, PZ15227 was discovered
as a Bcl-x.-based senolytic agent with reasonable cell-selectivity
compared to the ABT-263. Interestingly, ABT-263 was the only
Bcl-x, warhead utilized in all the reported PROTACs except
XZ424 which used another Bcl-x, warhead (A1155463). In
cellular studies, XZ424 showed 120-fold less platelet toxicity
than its parent (A1155463).

As reports have shown a susceptibility of E3-ligases to the
mutations and lower expression in some target cells, other
approaches of protein degradation were also developed. This
led to a replacement of the E3 ligase ligand with an IAP protein
inhibitor. IAP proteins are the negative regulator of cellular
apoptosis and consist of the ubiquitin-associated domain. These
PROTACGs, which are based on IAP protein inhibition, are called
SNIPERs (Specific and non-genetic IAP-dependent protein
erasers). A synthetic strategy similar to DT-2216 was employed
to attain PROTAC-4b and PROTAC-8a (as shown in Figure 12)
by replacing the morpholine ring of ABT-263 with piperazine
and tethering it with an XIAP antagonist (LCL161) and IAP
compound 1, respectively. PROTAC-8a showed more than
1000-folds (IC5,=8500 nM in platelets) cancer cell-selectivity
(MyLa1929, 1C;,=62nM) compared to the moderate cell-
selectivity (MyLa1929, IC5,=50 nM; platelet IC;,=189 nm) of
ABT-263. The SAR studies indicated the specificity of IAP ligands
is critical for degradation activity, as SNIPERs with LCL161
showed moderate-to-low MyLa1929 activity than the SNIPERs
derived from IAP compound 1.

Other than protein degradation strategies (PROTAC and
SNIPER), researchers also applied prodrug approaches to reduce
the on-target platelet toxicity of Bcl-x_ inhibitors. A phosphate
prodrug-based Bcl-x, inhibitor (APG-1252) showed relatively
lower cell-permeability for platelets than cancer cells and
hydrolyzed intracellularly into its active form, APG-1252-M1
(also named as BM-1252-M1) (as shown in Figure 13). In animal
cancer models, prodrug form (APG-1252) showed a 30-folds
less platelet cytotoxicity than active-form (APG-1252-M1).”
While another prodrug based on antibody-Bcl-x, inhibitor
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conjugate (ABBV-155) is in the phase-l clinical trial. AstraZeneca
developed a dendrimer (AZD0466) of a Bcl-x/Bcl-2 dual
inhibitor (AZD4320), which showed improved metabolic stabil-
ity and a reversible dose-dependent decrease in platelet count.
While a galacto-conjugate prodrug of ABT-263 (Nav-Gal) easily
gets hydrolyzed by lysosomal S-galactosidase (SA-f-gal) in
senescent cells, which produces significant cytotoxicity to
senescence cells compared to the platelets.

As exemplified from the examples of PROTACs and SNIPERs
in this manuscript, a reasonable cell selectivity over platelet
toxicity was successfully achieved. However, there are certain
underlying issues, such as inadequate aqueous solubility,
unavailability of biocarriers for cellular update, and poor
systemic clearance, which limit their wider applicability and
implementation. However, the pharmacokinetic issues are
mainly related to their larger molecular size, higher topological
polar surface area, and high lipophilicity. Some attempts were
made to incorporate the photopharmacology elements to these
PROTACs to address these issues. Photocage and photoswitch-
able PROTACs are prime examples of such photopharmacology.
Photoswitchable PROTACs, not only provide the spatiotemporal
control over activation and inactivation of the PROTACs but can
also assist in improving their cellular specificity and systemic
clearance. In conclusion, approaches such as PROTACs and
SNIPERs utilize event-driven pharmacology, whereas prodrug
strategies that are discussed in the paper utilize occupancy-
driven pharmacology, have shown promising results, which are
compiled as shown in Table 5.

Conflict of Interest

The authors declare no conflict of interest.

Keywords: Bcl-x, - Bcl-x, inhibitors - drug conjugates - platelet
toxicity - PROTACs - on-target toxicity - SNIPERs

A. Negi, P. V. Murphy, Eur. J. Med. Chem. 2021, 210, 113038.

H. Wu, L. J. Medeiros, K. H. Young, Blood 2018, 32, 8-28.

A. Negi, P. Ramarao, R. Kumar, Mini-Rev. Med. Chem. 2013, 13, 653-681.
J. Silke, P. Meier, Cold Spring Harbor Perspect. Biol. 2013, 5, 1-19.

M. Vogler, Adv. Med. 2014, 2014, 943648.

S.A. Amundson, T.G. Myers, D. Scudiero, S. Kitada, J. C. Reed, A.J.
Fornace, Cancer Res. 2000, 60, 6101-6110.

[7]1 T. Oltersdorf, S.W. Elmore, A.R. Shoemaker, R.C. Armstrong, D.J.
Augeri, B. A. Belli, M. Bruncko, T. L. Deckwerth, J. Dinges, P.J. Hajduk,
Nature 2005, 435, 677-681.

[8] M. Bruncko, T.K. Oost, B. A. Belli, H. Ding, M. K. Joseph, A. Kunzer, D.
Martineau, W. J. McClellan, M. Mitten, S.-C. Ng, J. Med. Chem. 2007, 50,
641-662.

[9] C. Tse, A. R. Shoemaker, J. Adickes, M. G. Anderson, J. Chen, S. Jin, E. F.
Johnson, K.C. Marsh, M.J. Mitten, P. Nimmer, Cancer Res. 2008, 68,
3421-3428.

[10] S. Afreen, S. Bohler, A. Mdiller, E.-M. Demmerath, J. M. Weiss, J. S. Jutzi, K.
Schachtrup, M. Kunze, M. Erlacher, Cell Death Dis. 2020, 11, 8.

[11] L. Bai, J. Chen, D. McEachern, L. Liu, H. Zhou, A. Aguilar, S. Wang, PLoS
One 2014, 9, 1-13.

[12] Z-F. Tao, L. Hasvold, L. Wang, X. Wang, A. M. Petros, C. H. Park, E.R.

Boghaert, N.D. Catron, J. Chen, P. M. Colman, ACS Med. Chem. Lett.

2014, 5, 1088-1093.

[l
(2
B3l
(4]
(5]
(6l

5
6

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH


https://doi.org/10.1016/j.ejmech.2020.113038
https://doi.org/10.1016/j.blre.2017.08.004
https://doi.org/10.1038/nature03579
https://doi.org/10.1021/jm061152t
https://doi.org/10.1021/jm061152t
https://doi.org/10.1158/0008-5472.CAN-07-5836
https://doi.org/10.1158/0008-5472.CAN-07-5836
https://doi.org/10.1021/ml5001867
https://doi.org/10.1021/ml5001867

ChemBioChem

Review

Chemistry
Europe

doi.org/10.1002/cbic.202100689 Socienes puiehing

[13]

[14]

[5

[16

[17

[18

[19

[20

[21

[22

[23

[24

[25

[26

[27

[28]

[29]
[30]
31]

[32

[33]

[34

[35]

[36]
37
[38]
[39]
[40]

[41]

A.J. Souers, J.D. Leverson, E.R. Boghaert, S.L. Ackler, N.D. Catron, J.
Chen, B. D. Dayton, H. Ding, S. H. Enschede, W. J. Fairbrother, Nat. Med.
2013, 79, 202-208.

P.H. Bernardo, T. Sivaraman, K-F. Wan, J. Xu, J. Krishnamoorthy, C. M.
Song, L. Tian, J.S. Chin, D.S. Lim, H.Y. Mok, J. Med. Chem. 2010, 53,
2314-2318.

Y. Wan, S. Wu, G. Xiao, T. Liu, X. Hou, C. Chen, P. Guan, X. Yang, H. Fang,
Bioorg. Med. Chem. 2015, 23, 1994-2003.

E. Saugues, A.-L. Debaud, F. Anizon, N. Bonnefoy, P. Moreau, Eur. J. Med.
Chem. 2012, 57, 112-125.

A. Kazi, J. Sun, K. Doi, S.-S. Sung, Y. Takahashi, H. Yin, J. M. Rodriguez, J.
Becerril, N. Berndt, A. D. Hamilton, J. Biol. Chem. 2011, 286, 9382-9392.
Z.-F. Tao, X. Wang, J. Chen, J. P. Ingram, S. Jin, R. A. Judge, P. J. Kovar, C.
Park, C. Sun, B. D. Wakefield, ACS Med. Chem. Lett. 2021, 12, 1011-1016.
0. Kutzki, H. S. Park, J. T. Ernst, B. P. Orner, H. Yin, A. D. Hamilton, J. Am.
Chem. Soc. 2002, 124, 11838-11839.

J.L. Yap, X. Cao, K. Vanommeslaeghe, K.-Y. Jung, C. Peddaboina, P.T.
Wilder, A. Nan, A.D. MacKerell, W. R. Smythe, S. Fletcher, Org. Biomol.
Chem. 2012, 10, 2928-2933.

X. Cao, J.L. Yap, M. K. Newell-Rogers, C. Peddaboina, W. Jiang, H.T.
Papaconstantinou, D. Jupitor, A. Rai, K.-Y. Jung, R. P. Tubin, Mol. Cancer
2013, 72, 1-16.

C. Gény, G. Riviére, J. r Bignon, N. Birlirakis, E. Guittet, K. Awang, M.
Litaudon, F. Roussi, V. Dumontet, J. Nat. Prod. 2016, 79, 838-844.

C. c Apel, C. Gény, V. Dumontet, N. Birlirakis, F. Roussi, V. C. Pham, H.
Doan Thi Mai, V. H. Nguyen, V. M. Chau, M. Litaudon, J. Nat. Prod. 2014,
77,1430-1437.

C. Cheng, Y. Liu, M. E. Balasis, T. P. Garner, J. Li, N. L. Simmons, N. Berndt,
H. Song, L. Pan, Y. Qin, Mar. Drugs 2014, 12, 4311-4325.

G. Wang, Z. Nikolovska-Coleska, C.-Y. Yang, R. Wang, G. Tang, J. Guo, S.
Shangary, S. Qiu, W. Gao, D. Yang, J. Med. Chem. 2006, 49, 6139-6142.
D. Zhai, C. Jin, A. Satterthwait, J. Reed, Cell Death Differ. 2006, 13, 1419-
1421.

S. Desrat, C. Remeur, C. Geny, G. Riviere, C. Colas, V. Dumontet, N.
Birlirakis, B. lorga, F. Roussi, Chem. Commun. 2014, 50, 8593-8596.

a) A. Negi, J. Zhou, S. Sweeney, P.V. Murphy, Eur. J. Med. Chem. 2019,
163, 148-159; b) J. Zhou, A. Negi, S.l. Mirallai, R. Warta, C. Herold-
Mende, M. P. Carty, X.-S. Ye, P. V. Murphy, Bioorg. Chem. 2019, 84, 418-
433; ¢) R. A. Copeland, Expert Opin. Drug Discovery 2010, 5, 305-310.

P. Zhang, X. Zhang, X. Liu, S. Khan, D. Zhou, G. Zheng, Exploration of
Targeted Anti-tumor Therapy 2020, 1, 259.

H. Wang, B. Hong, X. Li, K. Deng, H. Li, V. W. Y. Lui, W. Lin, Oncotarget
2017, 8, 86312-86324.

R.I. Troup, C. Fallan, M. G. Baud, Exploration of Targeted Anti-tumor
Therapy 2020, 1,273-312.

V. Klein, A. Bond, C. Craigon, R.S. Lokey, A. Ciulli, J. Med. Chem. 2021,
64, 18082-18101.

M. Reynders, B.S. Matsuura, M. Bérouti, D. Simoneschi, A. Marzio, M.
Pagano, D. Trauner, Sci. Adv. 2020, 6, eaay5064.

A. Bricelj, C. Steinebach, R. Kuchta, M. Giitschow, I. Sosi¢, Front. Chem.
2021, 9, 707317.

a) P. F. Bray, S.E. McKenzie, L. C. Edelstein, S. Nagalla, K. Delgrosso, A.
Ertel, J. Kupper, Y. Jing, E. Londin, P. Loher, BMC Genomics 2013, 14, 1-
15; b) A. Kissopoulou, J. Jonasson, T.L. Lindahl, A. Osman, PLoS One
2013, 8, e81809.

S. Khan, X. Zhang, D. Lv, Q. Zhang, Y. He, P. Zhang, X. Liu, D. Thummuri,
Y. Yuan, J. S. Wiegand, Nat. Med. 2019, 25, 1938-1947.

P. Pal, D. Thummuri, D. Lv, X. Liu, P. Zhang, W. Hu, S. K. Poddar, N. Hua,
S. Khan, Y. Yuan, J. Med. Chem. 2021, 64, 14230-14246.

C. Galdeano, M. S. Gadd, P. Soares, S. Scaffidi, I. Van Molle, I. Birced, S.
Hewitt, D. M. Dias, A. Ciulli, J. Med. Chem. 2014, 57, 8657-8663.

D. Lv, P. Pal, X. Liu, Y. Jia, D. Thummuri, P. Zhang, W. Hu, J. Pei, Q.
Zhang, S. Zhou, Nat. Commun. 2021, 12, 6896.

X. Zhang, D. Thummuri, Y. He, X. Liu, P. Zhang, D. Zhou, G. Zheng,
Chem. Commun. 2019, 55, 14765-14768.

a) J. Zhou, M. Reidy, C. O'Reilly, D. V. Jarikote, A. Negi, A. Samali, E.
Szegezdi, P. V. Murphy, Org. Lett. 2015, 17, 1672-1675; b) A. Negi, C. O.

Reilly, D. V. Jarikote, J. Zhou, P. V. Murphy, Eur. J. Med. Chem. 2019, 176,
292-309.

[42] J.D. Leverson, D.C. Phillips, M. J. Mitten, E.R. Boghaert, D. Diaz, S.K.
Tahir, L. D. Belmont, P. Nimmer, Y. Xiao, X. M. Ma, Sci. Transl. Med. 2015,
7, 279ra40.

[43] X. Zhang, D. Thummuri, X. Liu, W. Hu, P. Zhang, S. Khan, Y. Yuan, D.
Zhou, G. Zheng, Eur. J. Med. Chem. 2020, 192, 112186.

[44] Y. He, X. Zhang, J. Chang, H.-N. Kim, P. Zhang, Y. Wang, S. Khan, X. Liu,
X. Zhang, D. Lv, L. Song, W. Li, D. Thummuri, Y. Yuan, J. S. Wiegand, Y. T.
Ortiz, V. Budamagunta, J. H. Elisseeff, J. Campisi, M. Almeida, G. Zheng,
D. Zhou, Nat. Commun. 2020, 11, 1-14, Article number: 1996.

[45] T. Van Nguyen, J.E. Lee, M.J. Sweredoski, S.-J. Yang, S.-J. Jeon, J.S.
Harrison, J.-H. Yim, S. G. Lee, H. Handa, B. Kuhlman, Mol. Cell 2016, 61,
809-820.

[46] N. Ohoka, Y. Morita, K. Nagai, K. Shimokawa, O. Ujikawa, I. Fujimori, M.
Ito, Y. Hayase, K. Okuhira, N. Shibata, J. Biol. Chem. 2018, 293, 6776—
6790.

[47] D. Vucic, H. R. Stennicke, M. T. Pisabarro, G. S. Salvesen, V. M. Dixit, Curr.
Biol. 2000, 70, 1359-1366.

[48] M. Vamos, K. Welsh, D. Finlay, P.S. Lee, P.D. Mace, S. J. Snipas, M. L.
Gonzalez, S.R. Ganji, R.J. Ardecky, S.J. Riedl, ACS Chem. Biol. 2013, 8,
725-732.

[49] L. Bai, J. Chen, L. Liu, D. McEachern, A. Aguilar, H. Zhou, C. Yang, H.
Wang, J. Wen, G. Wang, Eur. J. Cancer 2014, 50, 109-110.

[50] H.Yi, M. Z. Qiu, L. Yuan, Q. Luo, W. Pan, S. Zhou, L. Zhang, X. Yan, D. J.
Yang, Cancer Medicine. 2020, 9, 4197-4206.

[51]1 F. Luo, F-T. Lu, M-Z. Qiu, T. Zhou, W.-J. Ma, M. Luo, K-M. Zeng, Q.-Y.
Luo, W.-T. Pan, L. Zhang, Cell Death Dis. 2021, 12, 1-14.

[52] J. Wang, D. Yang, Q. Luo, M. Qiu, L. Zhang, B. Li, H. Chen, H. Yi, X. Yan, S.
Li, Int. J. Oncol. 2017, 51, 563-572.

[53] a) N. Pemmaraju, B. Mudenda, C. Wang, J. Jiao, M. Lu, T. Fu, E. Liang, S.
McClain, P. Sheladia, S. Verstovsek, Blood 2020, 136, 15-16; b) A. Qin,
G. P. Kalemkerian, J. D. Patel, N. A. Mohindra, J. W. Carlisle, J. Sands, Z.
He, R. Winkler, Z. Liang, V. Hammock, R. Bombelli, M. Lu, Y. Xu, T. Fu, C.
Wang, D. Yang, Y. Zhai, Trial in progress: A multicenter phase Ib/Il study
of pelcitoclax (APG-1252) in combination with paclitaxel in patients
with relapsed/refractory small-cell lung cancer (R/R SCLC), J. Clin. Oncol.
2021, 39, TPS8589 ; ¢) L. Zhang, H. Zhao, Y. Ma, Y. Cheng, Y. Zhao, J. Cui,
C. Yang, J. Zhang, P. Wang, L. Xu, J. Thorac. Oncol. 2021, 16, S891.

[54] A.W. Tolcher, B. A. Carneiro, A. Dowlati, A. R. Abdul Razak, Y. K. Chae,
J. A. Villella, S. Coppola, S. Englert, A. C. Phillips, A.J. Souers, A first-in-
human study of mirzotamab clezutoclax as monotherapy and in
combination with taxane therapy in relapsed/refractory solid tumors: Dose
escalation results, Wolters Kluwer Health, 2021.

[55] C. M. Patterson, S. B. Balachander, I. Grant, P. Pop-Damkov, B. Kelly, W.
McCoull, J. Parker, M. Giannis, K. J. Hill, F. D. Gibbons, E. J. Hennessy, P.
Kemmitt, A. R. Harmer, S. Gales, S. Purbrick, S. Redmond, M. Skinner, L.
Graham, J.P. Secrist, A.G. Schuller, S. Wen, A. Adam, C. Reimer, J.
Cidado, M. Wild, E. Gang|, S. E. Fawell, J. Saeh, B. R. Davies, D. J. Owen,
M. B. Ashford, Commun. Biol. 2021, 4, 112.

[56] M. Konopleva, N. Jain, C. L. Andersen, N. Couto Francisco, N. Elgeioushi,
R. Hobson, M. Scott, J. Stone, S. Sharma, P. Morentin Gutierrez, Blood
2021, 738, 2353-2353.

[57]1 Y. Li, Y. Liu, Y. Che, J. McIntosh, A. A. Jordan, A. Leeming, C. L. Andersen,
J. Cidado, J. Jin, V. C. Jiang, Blood 2021, 138, 1867-1867.

[58] E. Gonzalez-Gualda, M. Paez-Ribes, B. Lozano-Torres, D. Macias, J.R.
Wilson I, C. Gonzélez-Lépez, H. L. Ou, S. Mirén-Barroso, Z. Zhang, A.
Lérida-Viso, Aging Cell 2020, 19, e13142.

[59] A.P. Simdes-Wiist, T. Schiirpf, J. Hall, R. A. Stahel, U. Zangemeister-
Wittke, Breast Cancer Res. Treat. 2002, 76, 157-166.

Manuscript received: December 16, 2021
Revised manuscript received: March 8, 2022
Accepted manuscript online: March 9, 2022
Version of record online: March 19, 2022

ChemBioChem 2022, 23, 202100689 (19 of 19)

© 2022 The Authors. ChemBioChem published by Wiley-VCH GmbH


https://doi.org/10.1038/nm.3048
https://doi.org/10.1038/nm.3048
https://doi.org/10.1021/jm901469p
https://doi.org/10.1021/jm901469p
https://doi.org/10.1016/j.bmc.2015.03.024
https://doi.org/10.1016/j.ejmech.2012.09.012
https://doi.org/10.1016/j.ejmech.2012.09.012
https://doi.org/10.1074/jbc.M110.203638
https://doi.org/10.1021/acsmedchemlett.1c00162
https://doi.org/10.1021/ja026861k
https://doi.org/10.1021/ja026861k
https://doi.org/10.1039/c2ob07125h
https://doi.org/10.1039/c2ob07125h
https://doi.org/10.1021/np500170v
https://doi.org/10.1021/np500170v
https://doi.org/10.3390/md12084311
https://doi.org/10.1021/jm060460o
https://doi.org/10.1038/sj.cdd.4401937
https://doi.org/10.1038/sj.cdd.4401937
https://doi.org/10.1039/C4CC01830C
https://doi.org/10.1016/j.ejmech.2018.11.030
https://doi.org/10.1016/j.ejmech.2018.11.030
https://doi.org/10.1016/j.bioorg.2018.12.003
https://doi.org/10.1016/j.bioorg.2018.12.003
https://doi.org/10.1517/17460441003677725
https://doi.org/10.37349/etat.2020.00017
https://doi.org/10.37349/etat.2020.00017
https://doi.org/10.18632/oncotarget.21146
https://doi.org/10.18632/oncotarget.21146
https://doi.org/10.1021/acs.jmedchem.1c01496
https://doi.org/10.1021/acs.jmedchem.1c01496
https://doi.org/10.1186/1471-2164-14-1
https://doi.org/10.1186/1471-2164-14-1
https://doi.org/10.1371/journal.pone.0081809
https://doi.org/10.1371/journal.pone.0081809
https://doi.org/10.1038/s41591-019-0668-z
https://doi.org/10.1021/acs.jmedchem.1c00517
https://doi.org/10.1021/jm5011258
https://doi.org/10.1039/C9CC07217A
https://doi.org/10.1021/acs.orglett.5b00404
https://doi.org/10.1016/j.ejmech.2019.04.064
https://doi.org/10.1016/j.ejmech.2019.04.064
https://doi.org/10.1016/j.ejmech.2020.112186
https://doi.org/10.1016/j.molcel.2016.02.032
https://doi.org/10.1016/j.molcel.2016.02.032
https://doi.org/10.1074/jbc.RA117.001091
https://doi.org/10.1074/jbc.RA117.001091
https://doi.org/10.1016/S0960-9822(00)00781-8
https://doi.org/10.1016/S0960-9822(00)00781-8
https://doi.org/10.1021/cb3005512
https://doi.org/10.1021/cb3005512
https://doi.org/10.1016/S0959-8049(14)70464-2
https://doi.org/10.1002/cam4.3090
https://doi.org/10.3892/ijo.2017.4028
https://doi.org/10.1182/blood-2020-137260
https://doi.org/10.1016/j.jtho.2021.08.115
https://doi.org/10.1182/blood-2021-147482
https://doi.org/10.1182/blood-2021-147482
https://doi.org/10.1182/blood-2021-151609
https://doi.org/10.1023/A:1020543004400

